This research study was aimed to develop a new concept design of a very low head (VLH) turbine using advanced optimization methodologies. A potentially local site was chosen for the turbine and based on its local conditions, such as the water head level of <2 meters and the flow rate of <5 m 3 /s. The study focused on the optimization of the turbine blade and guide vane profiles, because of their major impacts on the efficiency of the VLH axial flow turbine. The fluid flow simulation was firstly conducted for the axial turbine, followed by applying the regression analysis concept to develop a turbine mathematical model where the leading-and trailing-edge angles of the guide vanes and the turbine blades were related to the efficiency, total head and flow rate. The genetic algorithms (GA) with multi-objective function was also used to locate the optimal blade angles. Thereafter, the refined design was re-simulated. Following this procedure the turbine efficiency was improved from 82.59% to 83.96% at a flow rate of 4.2 m 3 /s and total head of 2 meters.
INTRODUCTION
A design concept of a turbine is mostly dependent on conditions of installation and performance. Computational fluid dynamics (CFD) methods are frequently used to analyze the flow field in turbomachinery (Benajes et al. 2014 , Chen et al. 2005 , Lazari and Cattanei 2014 , Mokaramian et al. 2015 , such as axial flow turbine. When coupled with optimization concepts, the design of a hydro turbine leads to superior results, compared to traditional methods. The multi-objective technique based on genetic algorithm is a potential tool to support a determination of the optimal shape of turbine blades and vanes. On parameter analysis, Lipej (Lipej 2004 ) combined either linear or higherorder functions with common variables, such as (a) the meridional velocity coefficient (two variables), (b) the outlet vortex coefficient (two variables), (c) the chord-pitch ratio (two variables), (d) the relative profile maximum thickness (two variables), and (e) the camber position (two variables) from hub to the maximum radius of the runner. By applying multiobjective functions on the blade profile, guide vane and the stay vane, the turbine efficiency was increased by 3% and the output power was also enhanced by 13%. In this case, the optimal design of the turbine also avoided the cavitation effect (Wu et al. 2006) . Albuquerque et al. (2007) applied optimization techniques, standard sequential quadratic programming, and the controlled random search algorithm for the design parameters of runner blade stagger, camber and chord-pitch ratio at the hub, mean, and tip stations. These works demonstrated an improvement of overall performance. Specific design parameters, namely (1) total pressure at the inlet and outlet, (2) outlet angle, and (3) surface spiral casing, when applying evolutionary algorithms to the design of stay vanes and guide vanes, brought about turbine performance improvement (Alnaga and Kueny 2008) . Simulation of CFD model at specific speeds of 81 and 48 using the new design parameters showed that the turbine efficiency improved by 1.5% and the surface spiral casing dropped by 3-5% with the reduction of the power loss by 1-2%, compared to the initial design. The automatic process of the Nelder-Mead Simplex method was used to determine the blade shape with the minimum objective function comprising efficiency, head and cavitation (Skotak et al. 2009 ). The change of the reference axes and the angle coordinates with B-spline curve of the modified blade caused a proper distribution of pressure and flow velocity on the blade surface and increased the turbine efficiency to 93.3% (Yang et al. 2011) . The efficiency of the turbine from the CFD simulations, at the initial conditions of 1.8 bar of total pressure, with a torque of 402 N-m and 19 meters of head, was 67.4% before optimization. By changing blade profile parameters (thickness, hub length, chord length, chord angle and hub angle), an optimization technique was applied using an orthogonal array and analysis of variance, with a polynomial equation for a surrogate model. The blade efficiency improved to 71.2% with a torque of 313.7 N-m and a head of 15.5 meters (Jung et al. 2012) . The efficiency of the turbine runner was superior by using CFD simulation, and verified by making a comparison between curved edge and straight edge blades. Despite of a slight change in turbine efficiency, the curved edge blade increased the flow rate more than a straight edge. Ge et al. (2013) reported the twist angle of the blade not only affected the flow rate and torque, but also the efficiency and power output. The results led us to focus on optimal blade angle for further investigation.
The purpose of this work was therefore to use the CFD for simulation of the axial turbine in order to solve the flow problem. Optimization techniques were subsequently applied to improve the turbine efficiency and determine the optimal blade profile. In addition, regression analysis was also employed to develop a mathematical model of relationships between the blade angles (eight variables) of both leading and trailing edges of guide vanes and turbine blades, with a particular emphasis on efficiency, total head and flow rate. The mathematical model was applied to create a multi objective minimum function. GA technique was utilized to find the guide vane angles and the turbine blade angles for an optimal design of the axial turbine at the low head of not more than 2 meters and the flow rates below 5 m 3 /s.
CFD SIMULATION AND VALIDATION
A rotating reference frame was used to simulate the flow in the turbine. Since the realizable   k model with enhanced near-wall treatment is an efficient turbulence model that has shown acceptable results for simulating the flow field in hydro-turbines (Kaniecki et al. 2011 , M. Ramos et al. 2013 , Sutikno and Adam 2011 , it was then applied to investigate the flow effect on the blade performance in our work. Numerical analysis was carried out using the ANSYS Fluent software for hydro-turbine simulations.
To verify the CFD results, the turbine was initially set to have a diameter of 100 mm and five blades. M. Ramos et al. (2013) validated their experimental results by using the turbine blade profiles, which was described by the blade angles. In our approach the results of CFD simulation agreed well with their work, as shown in Fig. 1 . Figure 1 shows comparison of relationships between head versus flow rate, and turbine performance versus flow rate for the CFD simulation and experimental results. The efficiencies from the experiment were more scattering than those from CFD at the same flow rate. However, both efficiency data sets were similarly distributed, as shown by the performance curves. In practice the experimental efficiency is lower than that of CFD simulation for the same flow rate, as a result of the energy loss of the turbine system. At a flow rate of 0.0037 m 3 / s, the maximum efficiency obtained by CFD computation was 47.22 %, lower than the experimental value by 5.78 %. Fluctuations of the actual reading also caused discrepancies between the two efficiency data sets, while the system curves from both methods gave similar trends.
When using the same turbine profiles and boundary conditions, the data set of simulation and experimental results (from M. Ramos et al. (2013) ) were consistent, the CFD simulation results were therefore considered valid for further investigations in optimization of blade profile.
CFD OF EXPERIMENTAL TURBINE

Geometry Design
In this element of the work, the axial turbine consisted of 12 guide vanes and 5 runner blades. Initial conditions were defined for the water head level of <2 meters with the flow rate of <5 m 3 /s, and they were applied to the Bernoulli equation as shown in Eq. (1),
The mean axial velocity (V ) is written as a function of the flow rate ( Q ) in the sectional area of rotor blade ( A ), as shown in Eq. (2),
The sectional area of rotor blade ( A ) is expanded as,
Therefore, from Eqs. (1), (2) and (3), we can define Q as given in Eq. (4),
The diameter ratio (hub to tip ratio,
turbine is typically 0.4 to 0.55 (Alexander et al. 2009 , Ferro et al. 2011 , F. Round 2004 , Singh and Nestmann 2011 . In our case the diameter ratio was therefore selected at 0.48, which was the median. Eq. (4) By using the Latin hypercube sampling (LHS) method, the angles of guide vanes and turbine blades were randomized, generating thirty models. In this method, the domain of each random variable was decomposed into intervals and the same probability was assigned to all intervals. The number of intervals depended on the number of samples generated for each variable. One value from each interval was randomly selected with respect to the probability density of interval. To form the hypercube combination, the interval of random variable is performed. When sampling a function of N variables, the range of each variable is divided into M equally probable intervals. M sample points are then placed to satisfy the Latin hypercube requirements; this restricted the number of divisions M, to be equal for each variable. The maximum number of combinations for a Latin hypercube of M divisions and N variables can be computed using the relationship given in Eq. (5),
The governing equation is given in Eq. (6),
where, pf is the expected probability of failure, and
is an indicator of sample x of k th number. The value of the indicator will be 1 if the system is not satisfied, otherwise 0 (Chakraborty 2015) . Table 1 shows the randomized angles of guide vanes and turbine blades obtained by LHS method. For the guide vane, the thickness of the leading and trailing edge was 10 and 5 mm, respectively, while those for the turbine blade were 20 to 5 mm at the hub, and 15 to 5 mm at the tip. The initial thickness of the guide vane and the turbine blade were defined by limits on material and manufacturing constraint. 
Meshing of the Axial Turbine
In Fig. 4 the mesh domain constructed from 5,983,523 elements consists of (a) stator, (b) rotor and (c) draft tube, and they were connected by using a mesh interface. The mesh refinement was performed in order to validate the meshing results, and the efficiencies of turbine at different mesh elements were identified (Fig. 5 ). Within ± 0.65 % uncertainty, approximated 6 million element model was chosen to improve the computational cost and efficiency. 
CFD Simulation Results
The CFD simulation of the water flow into the axial turbine was performed by using the water density of 998.2 kg/m 3 . The assumption was set for an incompressible flow, excluding the cavitation. The rotating speed of the runner blade was 200 rpm, related to the moving reference frame.
From the results of simulation of thirty models in Table 1 o respectively, as shown in Fig. 3 and Table 1 . Characteristics of velocity and pressure in the axial turbine in Figs. 6 and 7 agreed well with the theory of fluid machinery. For the turbine blades, the leading edge had higher pressure on the side than that on the trailing edge by a factor of 2.86. For the trailing edge of the suction side, the pressure was low (-18,091.05 Pa).
REGRESSION ANALYSIS FOR MATHEMATICAL MODEL
We defined the eight angles of guide vane and turbine blade as independent variables, with the basic parameters, namely efficiency, total head and flow rate, as dependent variables for the regression analysis. A mathematical model was then applied to linear regression, which describes the relationship between independent and dependent variables in the equation. 
In Eqs. (7) and (8) (Pires et al. 2008, Sun and Bertrand-Krajewski 2012) , the error ( e ) is the difference between actual and predicted values as shown in Eq. (9),
Tables 1 also shows the results of regression analysis with the level of significance at 0.05. Both adjusted R 2 and F value were compared for four models of the relationship equations, as shown in Table 2 to 4.
Among all proposed models, the multiple linear regression had higher adjusted R 2 and F values than the others, obtaining the optimal equation for the relationships between the angle of guide vane and turbine blade. The relationship of performance and flow rate was also linear. However, from Table 3 , the optimal relationship of total head and the angles is non-linear with a double log model.
The equations relating the performance, total head and flow rate to the regression coefficients are given in Eqs. (10), (11) and (12) H total 
From Eqs. (10), (11) and (12), the adjusted R 2 for functions of performance, total head and flow rate were 0.759, 0.646 and 0.986 respectively. From Table 5 , it was obvious that case 5 gave the In the following step, the weighting from the initial step was optimized for the angle between guide vane and turbine blade with 10 runs (Table 6) Table 7 confirmed that the optimization method successfully improved the turbine efficiency of the original design of the CFD simulation. The CFD efficiency was increased to 83.96% when the flow rate was 4.2 m 3 /s and the total head was 2 meters. The total difference between the optimization method and the CFD simulation, for the flow rate, total head, efficacy and output power were -4.04%, 4.5%, -12.47% and -11.75% respectively.
CONCLUSIONS
CFD simulation method was successfully applied to solve the flow problem in the axial turbine, giving results for the regression analysis to develop mathematical models of turbine behavior. The guide vane angles and the turbine blade angles were variables in equations, expressing the turbine efficiency, total head and flow rate. The optimal equation of relationships between the angle of guide vane and turbine blade as functions of performance and flow rate is the multiple linear regression, while that as functions of total head is non-linear double log. The multi-objective function by using GA was also employed in the angle optimization, obtaining respectively, and improving the turbine efficiency to 94.43%. The efficiency was 83.96% for subsequent CFD simulations. Total efficiency difference of the simulation and the optimization was -12.47 %. Still, the optimization method can also be utilized to improve the turbine efficiency of the original design.
